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Abstract 
We are developing an Ultra-Low Field (ULF) magnetic resonance imaging (MRI) system using high temperature superconductor
(HTS)-rf-superconducting quantum interference device (SQUID) for food inspection. The advantage of the ULF MRI system is that 
non-magnetic contaminants, which are difficult to be detected by a magnetic sensor, can be detected and localized. The system uses 
HTS-SQUID with high sensitivity that is independent of frequency, because the signal frequency is reduced in ULF. However the 
detection area of HTS-SQUID is difficult to be increased. Therefore, we studied to increase the detection area using an LC resonator.
The LC resonator is composed of a coil (22.9 mH, 40 mm inner diameter) and a capacitor (the setting resonance frequency of 1890 
Hz). The signal is detected by a copper wound coil of the resonator, and transferred to HTS-SQUID that inductively coupled to the 
coil immersed in liquid nitrogen at 77 K. We combined the LC resonator with the ULF MRI system, and obtained the 2D-MR images. 
The signal detector, with the SQUID and the LC resonator, provided a 1.5 times larger detection area. The size of 2D-MR image was 
near the size of the actual sample. Then we obtained 2D-MR images by a filtered back projection (FBP) method and a 2D-fast fourier
transform (FFT) method. In the 2D-FFT method, the pixel size of the image was smaller than that of image by FBP method. As a 
result, the quality of the 2D-MR image by 2D-FFT method has been improved. There results suggested that the system we are 
proposing is feasible.
© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the ISS 2014 Program Committee.
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1. Introduction 
In recent years, ULF-MRI has attracted attention because it can be compact, easy to handle and inexpensive.
However a signal frequency is reduced in the ULF-MRI and the faraday coil detection is sensitivity poorly. Therefore 
the ULF MRI system used SQUID with a high sensitivity that is independent of frequency [1-3]. We have studied 
application to food inspection by the ULF-MRI system with the SQUID. The ULF-MRI can be detected non-magnetic 
contaminants, which are difficult to be detected by a magnetic sensor. We obtained 2D-MR images of the cucumber 
samples with and without a hole in the center [4-6]. However the HTS-SQUID is difficult to be increased detection area.
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Therefore the LC resonator was placed around the HTS-SQUID, and has been study to increase detection area and 
signal-to-noise ratio (SNR) [7]. The signal is detected by the resonator coil, and it is possible to increase detection area 
and signal by resonance. Then the radial scanning data can be reconstructed by the 2D-FFT method, and it is possible to
easily change the imaging parameter and get the phase image. In this study, the LC resonator combined the ULF 
SQUID-MRI system that has been developed, and the 2D-MRI measured water sample. We have studied reconstruction 
of the 2D-FFT method using a gridding method in addition to a FBP method.
2. ULF SQUID-MRI system 
2.1. LC resonator 
We describe an LC resonator that combines the ULF-MRI system. Fig.1 shows the LC resonator and the control 
circuit. The resonator coil L has the outer diameter of 50 mm, the inner diameter of 40 mm, and the width of 7 mm. The 
number of turns is 600. The LC resonator is composed of this coil and a capacitor (setting resonance frequency 1890 
Hz). The SQUID is located in the center of the coil. The signal is detected by a copper wound coil of the resonator, and 
transferred to HTS SQUID which inductively coupled to the coil in immersed liquid nitrogen. The HTS-rf-SQUID was 
a washer-type YBa2Cu3O7 –x (YBCO) SQUID ring with an outer diameter of 3.5 mm and a one step-edge Josephson 
junction; the ring was deposited on a SrTiO3 (STO) substrate. An STO substrate resonator, on which a YBCO flux 
focuser with a size of 10 mm × 10 mm was deposited, was positioned above the SQUID ring in a flip-chip configuration.
The resonance of the LC resonator is controlled by the FET preventing from the ringing [8].
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Fig.1 LC resonator and control circuit.
2.2. System Structure 
The ULF SQUID-MRI system used in this study is shown in Fig. 2. The system consists of the HTS-rf-SQUID, the
LC resonator, a cryostat, a SQUID electronics unit, a Helmholtz measurement coil (Bm), three sets of gradient field coils 
(G), a AC pulse coil (BAC), a permanent magnet (Bp) (1.1 T), and Nuclear Magnetic Resonance (NMR) spectrometer
(Kea2, Magritek, New Zealand). All of the coils and the HTS-rf-SQUID are located magnetic shielded room (MSR)
keeping a door open. The permanent magnet is located outside the MSR and about 2 m away from the SQUID. A
sample was pre-polarized in the permanent magnet, is transferred to under the SQUID by N2 gas, and then exposed in 
the Bm from the measurement coil in the z direction. After the measurement sample transfer to under the SQUID, main 
trigger switch on. Subsequently, the pulse sequence is implemented. The image reconstruction is using PC and Kea2.
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Fig.2 ULF-SQUID-MRI system.
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2.3. Pulse sequence 
Fig.3. shows the pulse sequence which is used for the measurement. First, the measurement sample is pre-polarized 
in the Bp for 5 or more seconds. Then the sample is transferred under the SQUID within about 0.7 s. The measurement 
field Bm is applied continuously to the area around the SQUID in the MSR. After the transfer, a gradient field G and a 
90° pulse field BAC are applied from the gradient coil and AC pulse coil, respectively. In this study, the radial scanning 
with a spin echo technique was used. To obtain the spin echo signals, the 180° pulse field is applied at 0.5 s after the 
90° pulse field is applied. After 180° pulse, the LC resonator is resonant condition. For the acquisition time Taq duration 
of 0.512 s, 512 points are acquired.
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Fig. 3. Pulse sequence.
3. Experiment and results 
3.1. 2D-MRI measurements  
We measured 2D-MRI with or without the LC resonator. Fig.4. (a) show the water sample for the measurement. The 
sample is a capsuled water of 7.7 ml. The dimension of the sample size was 35 mm in diameter and 9 mm in 
thickness. The measurement for the measurement field Bm=44.4 T and the maximum gradient G=27.7 T/m. The FBP
reconstruction was utilized to obtain the 2D-MR image. Projection number was 12, because the gradient field directions 
were rotated for 15° step by step to cover 180°. Cover angle is 180°, which is half of full angle 360° because we utilized 
the spin echo sequence. For all projections, spin echo signals were recorded without averaging. Fig.4 (b) and (c) show 
2D-MR images with or without LC resonator (image used the interpolated plot in “prospa”). Both (b) and (c) show 2D-
MR images corresponding to the location of the sample. The size of the 2D-MR image without LC resonator is 20 
mm and that with the LC resonator is 30 mm. (the threshold of the image set to the maximum value of the noise). The 
field of view (FOV) is 49.5 mm × 49.5 mm. The image of (c), which uses the LC resonator gave a 1.5 times larger 
image as compared with (b). It is because the coil (40 mm) of the LC resonator with larger detection area took much 
more signal in the case of (c). From this result, it is shown that the size of the 2D-MR image with the LC resonator is 
closed to that of the actual sample.
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Fig.4. (a) Water sample; (b) 2D-MR image by the SQUID; (c) 2D-MR image by the SQUID and the LC resonator.
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3.2. Comparison of image reconstruction method  
We studied image reconstruction method to improve the quality of the 2D-images. The above described system and 
sequence were used for the experiment. The 24 data, which covers 180° in the radial detection, were taken by a radial 
scanning. Then two reconstruction methods, FBP and 2D-FFT were considered. In the 2D-FFT method, we performed a 
preprocessing, which consists of zero filling and spline interpolation of Taq 1.28 s. The grid points of the 2D-FFT 
method were determined by the operation of “gridding”, which find point on the grid by using radial scanned data. After 
gridding, the radial scanned data were used for the reconstruction by the method of 2D-FFT.  Fig.5. (a) and (b) show a 
2D-MR image by the FBP and an image by the 2D-FFT, respectively. The 2D-MR images in 2D-FFT method using the 
gridding as well as FBP method were demonstrated here. We note that the image (a) was reconstructed using an 
interpolated plot function of Kea2 to improve the smoothness. When the image (b) was reconstructed, the function was 
not applied. The pixel size of the image (b) was smaller than that of (a), because the acquisition time can be set longer 
by the preprocessing, the zero filling and the spline interpolation. From these results, it is shown that the image quality 
has been improved.
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Fig.5. (a) FBP method; (b) 2D-FFT method.
 
4. Conclusions 
We constructed an ULF MRI system using a HTS SQUID combined with an LC resonator and demonstrated that the 
LC resonator gives better images. It was demonstrated that the LC resonator is able to increase the detection area 1.5 
times larger than that without the resonator. The size of the real food sample was closed to that of the 2D-MR image 
acquired using the LC resonator. The reconstruction method of FBP and 2D-FFT were compared. In the 2D-FFT
method, the pixel size of the image was smaller than that of image by FBP method. The quality of the 2D-MR image 
was improved by 2D-FFT method. From these results, the possibility of applying the ULF SQUID-MRI system to the 
food contaminant detection was indicated.
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